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PERSPECTIVE
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The connexins are the subunits of a family of proteins that form gap junctions, allowing ions and small molecules
to move between adjacent cells. At least four connexins are expressed in the ear, and, although there are known
mutations at 1100 loci that can cause deafness, those involving DFNB1, in the interval 13q11–q12 containing the
GJB2 and GJB6 genes coding for connexins 26 and 30, are the most frequent cause of recessive deafness in many
populations. We have suggested that the combined effects of relaxed selection and linguistic homogamy can explain
the high frequency of connexin deafness and may have doubled its incidence in this country during the past 200
years. In this report, we show by computer simulation that assortative mating, in fact, can accelerate dramatically
the genetic response to relaxed selection. Along with the effects of gene drift and consanguinity, assortative mating
also may have played a key role in the joint evolution and accelerated ﬁxation of genes for speech after they ﬁrst
appeared in Homo sapiens 100,000–150,000 years ago.
Profound deafness has an incidence of ∼0.8 per 1,000
births and is genetically determined in at least half of
all cases (Morton 1991; Marazita et al. 1993). Most
inherited forms of deafness are monogenic, although ex-
amples of digenic interactions involving speciﬁc loci are
being identiﬁed with growing frequency (Morell et al.
1977; Balciuniene et al. 1998; del Castillo et al. 2002).
There is extensive allelic and locus heterogeneity, and
1100 genes for deafness have already been mapped or
cloned (see Hereditary Hearing LossWeb site). Recessive
transmission is the most common pattern of inheritance
but, despite the high level of genetic heterogeneity, mu-
tations involving a single gene complex, DFNB1, ac-
count for most genetic deafness in many, but not all,
populations (Denoyelle et al. 1999; Pandya et al. 2003).
DFNB1 maps to the 13q11–q12 region and contains the
GJB2 and GJB6 genes, which code for connexin 26
(CX26 [GJB2; MIM 121011]) and connexin 30 (CX30
[GJB6; MIM 604418]), respectively. Both genes are ex-
pressed in the cochlea (Forge et al. 2003), and pairs of
recessive mutations involving either or both loci can
cause deafness (del Castillo et al. 2002). Although 150
GJB2 mutations have been identiﬁed, three alleles—
Received March 1, 2004; accepted for publication March 9, 2004;
electronically published April 9, 2004.
Address for correspondence and reprints: Dr. Walter E. Nance, De-
partment of Human Genetics, Virginia Commonwealth University,
Box #33 MCV Station, Richmond, VA 23298. E-mail: nance@
hsc.vcu.edu
This article represents the opinions of the authors and has not been
peer-reviewed.
 2004 by The American Society of Human Genetics. All rights reserved.
0002-9297/2004/7406-0002$15.00
35delG, 167delT and 235delC—account for up to 70%
of the pathologic alleles in whites, Ashkenazi Jews, and
Asians, respectively (Pandya et al. 2003). In the United
States, carrier frequencies as high as 3.5% have been
reported in the hearing population, making it one of the
most common recognized single-gene defects (Green et
al. 1999). Despite the fact that the vast majority of con-
nexin 26 mutations show recessive transmission, 11%
of deaf probands in this country are apparent hetero-
zygotes with a single pathologic connexin-26 allele. Of
these, 7%–16% are now known to carry a 342-kb de-
letion involving the connexin-30 locus (del Castillo et
al. 2003). The proteins coded by GJB2 and GJB6 are
known to form heteromeric gap-junctions that allow the
passage of ions and small molecules between cells, and
they are thought to play a critical role in the recycling
of potassium ions back into the cochlear endolymph
(Souter and Forge 1998). Several possibilities have been
considered to explain the maintenance of the connexin
deafness polymorphism, but, apart from the documen-
tation of linkage disequilibrium with respect to common
mutations in several populations, there is little evidence
to support the idea that heterosis, drift, or a mutation
hot spot cause the high prevalence of the phenotype in
so many large populations (Van Lear et al. 2001). We
proposed an alternative hypothesis on the basis of an
analysis of the proportion of noncomplementary mar-
riages among the deaf during the nineteenth century,
which suggests that the frequency of DFNB1 may have
doubled in the United States during the past 200 years
(Nance et al. 2000). These marriages between individ-
uals with the same type of recessive deafness are inca-
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pable of producing hearing offspring, and the square
root of their frequency among deaf marriages provides
an upper limit for the prevalence of the most common
form of recessive deafness at that time. To explain the
increase, we suggested that the combination of intense
assortative mating and relaxed selection increased both
the gene and phenotype frequencies for DFNB1. Our
proposed model assumes that in previous millennia the
genetic ﬁtness of individuals with profound congenital
deafness was very low and that genes for deafness were
then in a mutational equilibrium. The introduction of
sign language in Europe 300–400 years ago (Bender
1970) was a key event that dramatically improved the
social and economic circumstances of the deaf, along
with their genetic ﬁtness. In many countries, schools for
the deaf were established, contributing to the onset of
intense linguistic homogamy or mate selection based on
the ability to communicate in sign language. We also
speculated that the combination of relaxed selection and
assortative mating should affect preferentially the most
common form of recessive deafness in a population
(Nance et al. 2000) and may also be relevant to the
acceleration in human evolution that accompanied the
acquisition of speech (Nance 2003). In their classic pa-
pers on assortative mating, Wright (1921) and Fisher
(1918) showed that phenotypic assortative mating in-
creases the genetic variance, thus enhancing the potential
for evolutionary change in response to selection. Crow
and Felsenstein (1982) showed that assortative mating,
in the absence of selection, only changes the genotype
frequencies and not the underlying gene frequencies.
With respect to deafness, they concluded that if the phe-
notype resulted from genes of equal frequency at 35 loci
(as was believed at that time), then even intense assort-
ative mating, in the absence of selection, would result
in only a 2%–3% increase in the incidence of deafness.
However, experimental studies in Drosophila have
shown that when assortative mating is combined with
phenotypic selection, accelerated progress that can lead
to the apparent ﬁxation of major genes is observed
(McBride and Robertson 1963). To our knowledge,
however, this mechanism has not been proposed else-
where as a natural cause for the recent acceleration in
human evolution.
Several human populations are known in which spe-
ciﬁc forms of genetic deafness have reached remarkably
high frequencies. DFNB3, a form of recessive deafness
caused by a MYO15 mutation, has a prevalence of 2%
among the 2,385 inhabitants of the village of Benkala
on the island of Bali (Friedman et al. 1995), with a
carrier frequency of 17% in the hearing population. The
incidence of DFNB3 in Benkala is 120 times that of all
forms of genetic deafness combined in most regions of
the world. Remarkably, the inhabitants of Benkala, gen-
erations ago, developed an indigenous sign language,
which is now learned by all villagers. Because of their
integration into the community, the ﬁtness of the deaf
is unimpaired. Deaf-by-deaf marriages are common, and
virtually all of them are noncomplementary, as is ex-
pected because there is only one form of genetic deafness
in the community. Although gene drift and endogamy
undoubtedly played essential roles in the survival and
initial phenotypic expression of the MYO15 mutation,
it is hard to escape the conclusion that relaxed selection
and assortative mating must have also contributed to
the subsequent increase in the frequency of both the gene
and the phenotype, as well as the strong evidence for a
founder effect. The Bedouins of North Africa and the
Middle East are another population with a high fre-
quency of deafness, in which an indigenous sign lan-
guage has had an impact on the ﬁtness of the deaf. His-
torically, the Bedouins have been a nomadic, tribal
people, and, although they have begun to undergo grad-
ual settlement at ﬁxed localities in recent decades, they
have retained a traditional mating structure that includes
polygamy and rates of consanguinity as high as 30%–
40%, with a preference for patrilateral parallel ﬁrst-
cousin marriages (Jaber and Halpern 2000; Kenan and
Burck 2002). As might be expected, 135 recessive syn-
dromes have been identiﬁed among the Bedouins in re-
cent years, including at least four different forms of ge-
netic deafness (OMIM). In some tribes, the incidence of
deafness is as high as 2.6% (Scott et al. 1995), and
though deaf-by-deaf marriages are avoided, the fre-
quency of the deafness still has increased because of
pseudodominant transmission resulting from the patri-
lateral pattern of cousin marriages preferred by the com-
munity. These examples illustrate the importance of sto-
chastic effects and nonrandom mating on the initial
survival and expression of new recessive mutations.
Consanguinity leads to an increase in identity by decent
for all loci, indiscriminately. In contrast, once recessive
genes are expressed phenotypically, assortative mating
creates “gametic phase disequilibrium” (Denniston
2000), or the nonrandom association and gametic trans-
mission of potentially very rare alleles at unlinked loci
(genocopies) that have similar effects on the phenotype.
As a consequence, in human pedigrees involving several
generations of marriages among the deaf, it is not un-
common to observe two or more distinct genetic forms
of deafness in a single nuclear family, or to observe in-
dividuals who carry a single recessive connexinmutation
and are deaf because of mutations at some other locus.
In the presence of positive selection, rather than merely
the relaxation of “purifying selection,” the resulting cos-
egregation of rare non-allelic mutations with similar and
potentially synergistic effects on the same phenotype
would lead to their coordinate evolution and accelerated
ﬁxation.
We now have conducted computer simulation studies
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showing that, in the case of deafness, linguistic homog-
amy can accelerate the genetic response to relaxed se-
lection. We also showed that the effect is conﬁned sub-
stantially to the most frequent form of recessive deafness.
Rather than attempting to simulate simultaneously the
effects of relaxed selection and of assortative mating on
the 1100 known loci for deafness, we addressed a more
tractable, but equally informative, question about the
effects of these variables on one to three recessive loci.
To simulate the period preceding the modern era, hear-
ing individuals in the computer model mate at random
with respect to hearing genes, but the deaf are assumed
not to reproduce. So, the mutant alleles reach frequencies
based on mutation-selection balance, and, if drift is ig-
nored, differences in the initial phenotype frequencies
would reﬂect differences in the underlying mutation
rates, which remain constant during the 150 generations
of simulation. The proportions of deaf individuals who
reproduce, as well as their probability of choosing part-
ners who are deaf, partners who are sibs or offspring of
deaf people, or partners who are hearing individuals,
can be varied over time to explore the effects of changing
customs. Mating types are created by randomly sam-
pling pairs of individuals, with replacement, until the
constraints of assortative mating are met. Then, off-
spring are generated randomly according to the parental
genotypes and, depending on the phenotypic ﬁtness of
the mother, retained in the succeeding generation. The
population size, ﬁtness, and degree of assortative mating
can be speciﬁed, and the effects of these variables on
forms of deafness with different frequencies can be ob-
served. A plausible value of the total initial phenotypic
frequency of all forms of deafness is assumed, along with
the mutation rates required to maintain the desired fre-
quencies of the genotypes being simulated. All other deaf
individuals are assumed to arise each generation from
nontransmitted environmental causes that do not inter-
act with the simulated deafness genes. The program also
assumes nonoverlapping generations.
The results of the simulation studies are given in ﬁgure
1. Figure 1a shows the change in the frequency of deaf-
ness, following the onset of relaxed selection, with and
without assortative mating. The initial ﬁtness is assumed
to be zero, rising to 1.0 in ﬁve generations, while as-
sortative mating increased from 0% to 90% during the
same period. The increase in the phenotype frequency
is greatly accelerated in the presence of assortative mat-
ing, and could account readily for a doubling of the
prevalence of DFNB1 in 200 years. As shown in ﬁgure
1b, where three loci are considered simultaneously, the
effects of assortative mating are virtually conﬁned to the
form of recessive deafness that was most frequent at the
onset.
This is because all of the offspring of noncomple-
mentary marriages between individuals with the same
form of recessive deafness are deaf and make a dispro-
portionate contribution to the pool of deaf individuals
in the next generation, who beneﬁt from the relaxed
selection. Since these marriages are proportional to the
fourth power of the gene frequency, the most common
form of recessive deafness in a population is affected
preferentially. An important feature of these results is
that the proposed mechanism for accelerating the re-
sponse to selection is not locus speciﬁc. The frequency
of mutations for deafness at any locus could be increased
preferentially, if those mutations determine the most
common form of recessive deafness in the speciﬁed
population.
The effect of assortative mating and relaxed selection
in our simulation studies support the idea that thismech-
anism has contributed to the high frequency of DFNB1
in many developed countries. In other large populations,
connexin-26 deafness has been observed, but at a much
lower frequency. In Mongolia, for example, where there
is only one residential school for the deaf, sign language
was not introduced until 1995. Moreover, the ﬁtness of
the deaf is still much lower than that of their hearing
siblings, assortative mating is much less frequent than
in the United States, and connexin mutations account
for only 1.3% of all deafness (Pandya et al. 2001). To
explain why connexin deafness has been ampliﬁed in so
many large populations, we must assume it was the most
frequent form in those populations at the time that re-
laxed selection and assortative mating began, possibly
because of a somewhat higher intrinsic mutation rate.
In small populations, such as the village of Benkala and
the Bedouin community, gene drift and consanguinity
led to the initial expression of other recessive genes for
deafness, whose frequencies were then increased by the
combined effects of relaxed selection and the nonran-
dom characteristics of the mating structure of the two
populations. In regions where national or statewide
schools for the deaf have been established and marriages
among the students have occurred, the effects of endog-
amy have been reduced, leading to ampliﬁcation of the
most common form of recessive deafness in the overall
population.
Since this genetic mechanism is not locus speciﬁc,
other implications of this hypothesis have not escaped
our notice, such as its potential involvement in the evo-
lution of speech. Many evolutionary biologists believe
the development of complex syntactic language, begin-
ning with the acquisition of speech, is the trait that most
clearly distinguished early Homo sapiens from other
possible ancestors of modern man (Lewin 1993). Bipedal
hominids are known to have inhabited areas of Africa
6–7 million years ago (Brunet et al. 2002) and were
present in regions of Europe and Asia 1–2 million years
ago. They almost certainly developed some primitive
forms of communication during their long period of evo-
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Figure 1 Computer simulation showing the effects of relaxed selection and assortative mating on the Cx gene, beginning in 1800 with
a generation time of 20 years. A, Frequency of Cx homozygotes in the presence (solid line) and absence (dotted line) of assortative mating; B,
Frequency of a common recessive deafness gene (Cx) and two rare genes, either linked at 1 cM (Gene A) or unlinked (Gene B) to the Cx locus.
A ﬁxed population size of 200,000 and an equal sex ratio were assumed. In B, a mutation-selection balance initially was assumedwith frequencies
for Cx, A, and B of .01304, .002881, and .002881, respectively. In A and B, the reproductive ﬁtness of the deaf rose from 0 to 1.0 in ﬁve
generations, whereas assortative mating rose from 0 (randommating) to .9 and remained constant thereafter. To incorporate linguistic homogamy,
deaf subjects choosing hearing partners were assumed to select “native signers” who were the offspring of deaf parents, with a probability of
.3 by the ﬁfth generation. Such spouses frequently carry multiple nonallelic recessive genes for deafness.
lutionary ascendancy, but it was not until 154,000–
160,000 years ago that the H. sapiens with features re-
sembling those of modern humans ﬁrst appeared (White
et al. 2003) and rapidly spread out of Africa to displace
all other hominids. Although H. neanderthalensis dates
back400,000 years, they are not thought to have been
the progenitors of modern man (Cavalli-Sforza 1998),
and it is interesting to conjecture that they may have
lacked the facility with language that H. sapiens devel-
oped. Two schools of thought exist as to the process by
which language evolved. Some scholars point to the
gradual increase in the size of the primate brain and
view human evolution as merely an extension of this
slow process (Halloway 1983). Others believe that the
acquisition of language triggered an explosive acceler-
ation in the evolution of the human brain (Klein 1992).
This view is supported by fossil records, which show
that several potential ancestors of modern man were
displaced by the advent and rapid radiation of H. sap-
iens. Cultural artifacts, such as much more sophisticated
weapons, tools, ornaments, artistic creations, and ritu-
alistic burial sites, soon accompanied the ﬁrst indications
of a distinct human species. These relics adumbrate a
level of cultural complexity that is hard to imagine as
being without some form of language. The American
paleoanthropologist Stephen Gould popularized the
concept of “punctuated equilibrium,” the idea that the
pace of evolutionary change in an organism can sud-
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denly accelerate during speciﬁc periods (Gould and Eld-
ridge 1993). Gould’s proposals remained controversial
because they were largely descriptive and provided no
speciﬁc mechanism, apart from selection, by which the
ﬁxation of a favorable mutation could be accelerated.
However, it seems plausible to assume that once the ﬁrst
mutations for improved oral-communication arose and
survived to be expressed phenotypically, intense linguis-
tic homogamy would have ensued, just as it did after
the introduction of sign language among the deaf.
Viewed in this light, the subsequent acceleration of hu-
man evolution had both a genetic basis and an essential
cultural component that profoundly altered the mating
structure of the population. There are important ways
in which the relaxation of “purifying” selection against
a genetic lethal clearly differs from positive selection for
a favorable new mutation. Although assortative mating
accelerates both forms of selection, only the later is likely
to progress to gene ﬁxation. As noted elsewhere, a
unique feature of assortative mating is its potential for
creating gametic phase disequilibrium by bringing to-
gether rare combinations of genes with similar and po-
tentially synergistic effects on the phenotype (Crow and
Kimura 1970). Once the ﬁrst mutation(s) for speech be-
gan to approach ﬁxation, they would have provided the
altered genetic background required to promote the se-
lection and potential ﬁxation of additional genes inﬂu-
encing a wide range of other traits that depend on speech
or on changes in lifestyle that resulted from the acqui-
sition of language. In this way, linguistic homogamymay
have led to an accelerated ﬁxation of many of the mu-
tations and traits that distinguish humans from other
primates.
The recent identiﬁcation of dominant mutations in
genes that impair speech, including mutations at
FOXP2, a winged-helix/forkhead-class transcription fac-
tor, suggests that the mutation and subsequent ﬁxation
of a relatively small number of their recessive allelo-
morphs may have been sufﬁcient to initiate this process
(Lai et al. 2001). Bioinformatic studies have shown that,
since the divergence between man and the chimpanzee,
the FOXP2 gene has evolved more rapidly than any
other comparable gene whose sequence in the chimpan-
zee is currently known (Enard et al. 2002; Zhang et al.
2002). Although its amino-acid sequence is generally
well conserved across species, the human FOXP2 protein
differed from all other species, and differed from seven
primate species by two amino-acid substitutions in exon
7. The substitution rate for this gene in the human line-
age increased by a factor of 60 after the divergence be-
tween H. sapiens and the chimpanzee, and it also was
associated with a high proportion of nonsynonymous
substitutions but a lower than expected frequency of
neutral base-pair substitutions in the adjacent introns,
suggesting that the observed evolutionary acceleration
reﬂected strong positive selection within the past
100,000 years (Zhang et al. 2002). More recently, gene
sequence comparisons have suggested that as many as
1,547 human genes show evidence for positive selection,
with representatives from a wide range of biological and
functional groups, including 21 genes known to be in-
volved in hearing (Clark et al. 2003). The authors spec-
ulate that ﬁne-tuning of the human cochlea may have
been required for the discrimination of spoken language.
No one who is familiar with how digital hearing aids
can transform mufﬂed sounds into intelligible speech
will have difﬁculty believing that mutational changes in
genes expressed in the cochlea could have similar effects.
Since the analysis was done on DNA from a single chim-
panzee, however, it is not clear howmany of the reported
differences reﬂect complete substitutions between the
two species. However, the large number of genes that
appear to be involved in each functional group suggests
the action of an evolutionary mechanism that can lead
to the aggregation and joint selection of rare, nonallelic
mutations that exert synergistic effects on the same phe-
notype. Many evolutionary hypotheses are difﬁcult to
prove, other than by strong inference. With respect to
the evolution of speech, completion of the chimpanzee
genome sequence should conﬁrm the number and iden-
tity of mutations, in addition to FOXP2, that have be-
come ﬁxed in the human species. The use of transgenic
technology could lead ultimately to the identiﬁcation of
those genes that have been of greatest importance in the
acquisition of the language, whereas bioinformatics
studies conceivably could provide insight as to the order
in which the relevant genes were ﬁxed. Although the
question of whether it is technically feasible to amplify
nuclear DNA from skeletal remains of recent Neander-
thal specimens remains controversial, studies of more
recent specimens of early H. sapiens could shed light on
the sequence and timing of the two FOXP2 substitutions,
as well as mutations at other loci. Whether the acqui-
sition of syntactic language turns out to have resulted
from the effects of a small or a large number of genes,
the combination of improved ﬁtness and assortativemat-
ing is a plausible mechanism by which the accelerated
ﬁxation of the mutations that distinguish humans from
other primates may have occurred.
Conclusions
Assortative mating can accelerate the genetic response
to relaxed selection and may have doubled the frequency
of connexin deafness in this country during the past two
centuries. In combination with positive selection, lin-
guistic homogamymay also have accounted for the rapid
ﬁxation of the mutations required for the acquisition of
speech when they ﬁrst arose in H. sapiens 100,000–
150,000 years ago.
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